Abstract. The oxygen-evolving complex (OEC) of photosystem II (PS II) consists of at least three extrinsic membrane-associated protein subunits, OE33, OE23, and OE17, with associated Mn 2+' Caz+, and Clions. These subunits are bound to the lumen side of PS II core proteins embedded in the thylakoid membrane . Our experiments reveal that a significant fraction of each subunit is normally present in unassembled pools within the thylakoid lumen . This conclusion was supported by immunological detection of free subunits after freshly isolated pea thylakoids were fractionated with low levels of Triton X-100. Plastocyanin, a soluble lumen protein, was completely released from the lumen by 0.04% Triton X-100. This gentle detergent P HOTOSYSTEM II (PS II)' is a functional unit in chloroplasts containing light-harvesting and electron transporting proteins, and is located primarily in the appressed regions ofchloroplast thylakoid membranes . The PS II reaction center core consists ofthe integral membrane proteins CP47, CP43, Dl, D2, and cytochrome b-559, each of which is encoded in the chloroplast genome (reviewed in Ghanotakis and Yocum, 1990) . The oxygen-evolving complex (OEC) of PS II is made up of at least three nuclear-encoded polypeptides, named according to their relativemolecular weights, OE33, OE23, and OE17. The polypeptides have no known enzymatic activity by themselves, and their individual contributions to oxygen evolution are not completely understood (for example see Burnap and Sherman, 1991) . The OEC is tightly bound to the lumen face ofthe PS II reaction center core (Miyao and Murata, 1989) . The OEC polypeptides can be dissociated from the PS II core by a number of inhibitory treatments, including washing with alkaline Tris, 2 M NaCl, 1 M CaC12, hydroxylamine, and chaeotropic agents, or by physical means such as heat treatment (reviewed in Babcock, 1987; Ghanotakis and Yocum, 1990) . In PS II sub-chloroplast particles, optimal reactivation of 1. Abbreviations used in this paper: OEC, oxygen-evolving complex; OE33, OE23, and OE17, the 33-,23-, and 17-kD subunits of the OEC, respectively ; PS II, photosystem II ; PC and prPC, mature and precursor forms of plastocyanin, respectively. © The Rockefeller University Press, 0021-9525/91/10/321/8 $2 .00 TheJournal of Cell Biology, Volume 115, Number 2, October 1991321-328 treatment also caused the release from the thylakoids of between 10 and 20% , 40 and 60 %, and 15 and 50% of OE33, OE23, and OE17, respectively. Measurements of the rates of oxygen evolution from Triton-treated thylakoids, both in the presence and absence of Caz+, and before and after incubation with hydroquinone, demonstrated that the OEC was not dissociated by the detergent treatment . Thylakoids isolated from spinach released similar amounts of extrinsic proteins after Triton treatment . These data demonstrate that physiologically active chloroplasts contain significant pools of unassembled extrinsic OEC polypeptide subunits free in the lumen of the thylakoids .
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the OEC after such treatments requires the addition of the individual subunits (reviewed in Ghanotakis and Yocum, 1990) .
Many lines of research suggest that few unassembled nuclear-encoded proteins are allowed to accumulate in chloroplasts. For instance, when the chloroplast-directed synthesis of the large subunit of ribulose bisphosphate carboxylase/oxygenase is inhibited, newly imported small subunits which are not assembled into the enzyme complex have a half-life of <8 min in the stroma (Schmidt and Mishkind, 1983) . Similarly, when the copper insertion reaction of apoplastocyanin is inhibited in Chlamydomonas reinhardtii by growing the cells in copper-deficient media, the apoprotein is still targeted correctly, but is rapidly degraded in the thylakoid lumen (Merchant and Bogorad, 1986 ; but see Bohner et al., 1981) . Other polypeptides appear to be rapidly turned over when not stabilized by binding to chlorophyll a (Mullet et al., 1990; Bennett, 1981) , or by assembly into the PS II reaction center (Rochaix and Erickson, 1988; Nilsson et al., 1990) . This recurrent theme, rapid degradation of unassembled nuclear-encoded subunits and apoproteins, suggests that the turnover of excess subunits helps to ensure the correct stoichiometric balance between polypeptides in a protein complex (Schmidt and Mishkind, 1983; Biekmann and Feierabend, 1985; Luzikov, 1986) .
In contrast, the polypeptides of the OEC do not appear to follow this general rule, as many mutations affecting their assembly with the PS II reaction center allow the unassembled OEC subunits to accumulate (reviewed in Rochaix and Erickson, 1988 ; see also, Mayfield et al., 1989 ; de Vitry et al ., 1989; Nilsson et al ., 1990) . The unassembled polypeptides are apparently also stable in hydroxylamine-treated leaf segments, in wheat leaves grown in intermittent light, and in etiolated barley (Becker et al ., 1985; Callahan and Chenaie, 1985 ; Ono et al ., 1986; Ryrie et al ., 1984) . While these results suggest that the unassembled OEC polypeptides can be relatively stable under certain nonphysiological conditions, their accumulation in normal physiologically active chloroplasts has not been addressed before . Our laboratory is interested in the import, targeting, and assembly in isolated intact chloroplasts of the extrinsic subunits of the OEC using in vitro synthesized polypeptide . Unexpectedly, sub-fractionation of pea chloroplasts after import reactions consistently revealed that a large fraction of the newly imported (radiolabeled) OEC polypeptides were not associated with the thylakoid membranes, but rather remained in a soluble lumen fraction (data not shown) . This raised the question of whether OEC subunits were dissociated from the complex by the fractionation conditions used, or whether they had not assembled . To address this question, we determined the lowest concentrations of Triton X-100 required to gently rupture the pea thylakoids and release the lumen contents while retaining the OEC entirely intact. The results presented here show for the first time that a significant portion of the OEC polypeptides present in normal chloroplasts that have not undergone any inhibitory treatments are free in the lumen and may be released by as little as 0.04 % Triton X-100. Examination ofthe rates of oxygen evolution from the resulting membrane fragments demonstrated that these detergent concentrations did not cause the dissociation of the extrinsic subunits from active OECs. Similar, though smaller, pools of unassembled subunits were detected in thylakoids derived from spinach chloroplasts . Our data indicate that, unlike the other polypeptides described above, newly targeted, unassembled subunits of the OEC are not rapidly degraded insidethe chloroplasts . These findings extend to fully greened, physiologically healthy chloroplasts the notion derived from studies with nonphysiological samples (Becker et al., 1985 ; Callahan and Cheniae, 1985 ; Ono et al ., 1986 ) that pools of unassembled subunits may function in the biogenesis and/or homeostasis of the OEC .
Materials and Methods
Chloroplast, Thylakoid, and PS II Particle Isolation Peas (Pisum sativum cv Progress ll9) were grown in moist vermiculite in a greenhouse or in the laboratory for 10-16 d ; spinach (Spinacia oleracea) was purchased from a local market . Intact chloroplasts and thylakoids were isolated essentially as described by Cline et al . (1985) and by Theg et al . (1986) , respectively. Photosystem 11 particles were isolated from purified thylakoids by Triton X-100 extraction as described by Berthold et al . (1981) , except that the extraction buffer contained 400 mM sucrose, 50 mM NaMes at pH 6.5, 10 mM NaCl, and 5 mM MgC12 (Dennenberg et al ., 1986 ) .
Synthesis and Import ofprPC
Transcriptions from the linearized plasmid containing a .cDNA clone for the precursor of plastocyanin (prPC) were performed with SP6 RNA polymerThe Journal of Cell Biology, Volume 115, 1991 ase ; translation of the resulting mRNA was carried out in the presence of 13 Hlleucine (NEN) in a wheat germ lysate . Import reactions were performed in 60 kl by incubating radiolabeled prPC (10°D PM) with freshly isolated chloroplasts (20 Rg chlorophyll) in import buffer (50 mM KTricine pH 8.0, 0 .33 M sorbitol) supplemented with 3 mM ATP and 5 mM MgC12 for 20 min, after which the intact chloroplasts were repurified through 40% Percoll (Cline et al ., 1985) . The repurified intact chloroplasts were then analyzed without further treatment, or subjected to fractionation as described below, 7lriton X-100 7reatment of Thylakoids Intact chloroplasts were washed once in import buffer to remove traces of Percoll, and then osmotically lysed in 10 mM Na-Hepes pH 6.5, 5 mM MgCl2 on ice for 3 min . Thylakoids were collected by pelleting at 4,000 g for 5 min, and the supernatant (stromal fraction) was saved for analysis . The thylakoids were resuspended in a small volume of thylakoid buffer (400 mM sucrose, 50 mM Na-Mes at pH 6.5, 10 mM NaCl, and 5 MM M9C12), then gently combined with an equal volume of thylakoid buffer containing twice the indicated percent (wt/vol) of Triton X-100. After 3 min on ice, the samples were centrifuged at 100,000 g for 8 min in a TL-100.3 rotor to separate thylakoids from the supernatant (lumen fraction) . Fractions of samples were subjected to SDS-PAGE and prepared for fluorography or Western blotting, or were analyzed for oxygen evolution and chlorophyll content .
Isolation of OEC Pblypeptides and Production ofAntibodies
Extrinsic OEC polypeptides were extracted from PS II particles by alkaline Figure 1 . Release of newly imported PC from the lumen ofpea thylakoids by Triton X-100 treatment . After import of prPC, chloroplasts (C) were lysed and the stroma (S) and thylakoid (T) fractions recovered . The thylakoids were then resuspended and mixed with an equal volume of buffer containing twice the indicated amount (% wt/ vol) of Triton X-100 . The samples were fractionated by centrifugation at 100,000 g for 8 min, and the supernatant (S) and pellet (P) fractions were analyzed by SDS-PAGE and prepared for fluorography. (A) fluorograph; pr-and m-mark the positions of the precursor and mature forms of PC, respectively. (B) Quantitation of the fluorograph .
Tris washing (Yamamoto et al ., 1971) . The Tris-released polypeptides were precipitated with an excess of 1 .5 M perchloric acid, separated by SDS-PAGE on a preparative 15 % gel, and visualized by staining with Coomassie blue R-250. The protein-containing bands were excised and stored at -80°C until used . Gel slices were prepared for immunization by crushing the gel in an equal volume of TBS (Harlow and Lane, 1988) , followed by homogenization with another equal volume of a 1 :1 mixture of complete and incomplete Freundes adjuvants (first injection), or an equal volume of incomplete Freunds's adjuvant (subsequent injections) . Chickens were immunized twice (OE33) or three times (OE23 and OE17) by multiple intramuscular injections at 1 wk intervals. IgG was prepared from egg yolk as described (Polson, 1980) .
Oxygen Evolution Measurements
The rates of oxygen evolution from samples containing 50,ug chlorophyll were measured with a Clark-type oxygen electrode in a solution containing 200 mM sucrose, 25 mM Na-Mes pH 6 .5, 5 mM NaCl, 2 .5 MM MgC12 , 2 /AM nigericin, and 200 pM 2,6-dichlorop-benzoquinonell mM K3Fe-(CN)6 as an electron acceptor pair. Salt-washed PS II particles used in Fig . 4 were prepared by incubating samples in extraction buffer (400 mM Sucrose, 50 mM Na-Mes pH 6.5, 5 mM MgC12) containing 2 M NaCl (salt washed) or 15 mM NaCl (control) . After 30 min on ice the PS 11 particles were pelleted again and resuspended in extraction buffer containing 15 mM NaCl . Preincubation with hydroquinone was performed in 3 mM hydroquinone in the dark on ice for 30 min .
Miscellaneous SDS-PAGE in either 12 .5 or 15% gels was performed as described (Laemmli, 1970) . Proteins were visualized by fluorography (Cline et al ., 1985) or by Western blotting (Towbin et al ., 1979) and probed with alkaline phosphatase-conjugated goat anti-rabbit or goat anti-chicken antibodies in the presence of 5-bromo-4-chloro-3-indolyl phosphate and nitroblue tetrazolium (Blake et al ., 1984) . Fluorographs were quantitated by scintillation counting of excised gel slices , and quantitation of Western blots was performed with a Bio Image analyzer using Visage 4.5 software (Bioimage Products, Ann Arbor, MI) . All reagents and enzymes were purchased from commercial vendors . The plasmid containing prPC was a gift from Drs . J. C . Gray and D. I. Last (University of Cambridge), and the antibody raised to the maize OE17 was a gift from Dr. R . T. Sayre (Ohio State University) .
Results
Gentle Disruption ofthe Thylakoid Membrane Causes the Release ofOEC Subunits from the Lumen Our laboratory is studying the pathway of assembly of the OEC from newly imported nuclear-encoded subunits. Our initial experiments in which we fractionated the chloroplasts and thylakoids after an import reaction, revealed that a large portion of the newly imported OEC subunits remained unassembled in the thylakoid lumen (data not shown) . To explain these results we postulated that the 1% Triton X-100 used to fractionate the thylakoids had caused the dissociation of some OECs, even though this detergent is routinely used at a higher concentration to prepare oxygen-evolving PS II particles (Berthold et al., 1981) . This postulate led us to determine the lowest concentration ofTriton X-100 required to release the contents of the thylakoid lumen into the medium . Fig . 1 shows a fluorograph from an experiment in which we monitored the location of newly imported radiolabeled PC after fractionation of the thylakoids with different concentrations of Triton X-100. PC was chosen as a control because it is not generally associated with the thylakoid membrane, but rather remains free in the lumen (Haehnel et al., 1989) . After incubation of thylakoids with Triton X-100 concentrations higher than 0.03 %, we found that PC did not pelEttinger and Theg Assembly of the Oxygen-evolving Complex let with the membranes, indicating that it had been released from the lumen by the detergent. PC pelleted with thylakoids treated with detergent concentrations <0.02%, which is approximately the critical micelle concentration under our conditions (Helenius and Simmons, 1975) . At 0.03 % Triton X-100, PC was split between the pellet and supernatant, indicating that this concentration ofdetergent was not enough to completely open the thylakoid vesicles . These results indicate that 0.04 % is the lowest concentration of Triton X-100 that will cause the complete release of the contents of the thylakoid lumen to the medium . None of the detergent concentrations used in this experiment solubilized significant amounts of chlorophyll from the thylakoid membranes (data not shown) .
The low levels of Triton X-100 required to free PC from the lumen also caused the release of a fraction of the OEC polypeptides from the thylakoids. Fig. 2 shows a Western blot detecting soluble and membrane-bound OEC polypeptides after Triton X-100 treatment of thylakoids. A discrete fraction of the total complement of OEC polypeptides followed PC during fractionation of the thylakoids with detergent; OEC subunits were detected in the soluble fraction after treatment with concentrations of detergent between 1.0 and 0.03 %, and remained with the membranes at detergent concentrations of 0.02% and below. Quantitation of the amount of OEC polypeptides in the soluble and membrane bound fractions showed some variability from one experiment to the next, but revealed that between 10 and 20% of OE33, 40 and 60% of OE23, and 15 and 50% of OE17 were released from the lumen by treatment with 0.04% Triton X-100. We would emphasize again that the intact chloroplasts used in these experiments had never undergone any inhibitory treatments that might lead to the release ofthe OEC subunits from the membranes .
Low Concentrations of Diton X-100 Do Not Solubilize the OEC Two possibilities existed to explain the appearance of OEC subunits in the lumen fraction of thylakoids treated with low concentrations of Triton X-100. The first is that these detergent concentrations, even though >100-fold lower than normally used to prepare oxygen-evolving PS II particles, were still sufficient to dissociate some of the functional OECs from the thylakoid membrane. Alternatively, the soluble OEC polypeptides might have already been present in the lumen in unassembled pools of subunits at the time the chloroplasts were isolated from the leaves.
We tested this first possibility by examining the ability of detergent-treated thylakoids to evolve oxygen . We reasoned that ifTriton X-100 treatment of the thylakoids did dissociate active OECs, the oxygen evolution rates should be adversely effected, and the extent of this effect should correlate roughly with the amounts of subunits released . In the experiment shown in Fig. 3 we measured the rate of oxygen evolution from control and detergent-treated samples . The samples were derived from an experiment similar to that shown in Fig. 2 irn which -40% of OE23 was released by incubation with 0.04% Triton X-100. As can be seen in the figure, treatment of thylakoids with up to 0.1% Triton X-100 did not result in a significant decrease in the ability of the samples to evolve oxygen ; certainly nothing approaching a 40% decline in activity was observed. Figure 2 . Release of OEC polypeptides from the lumen of pea thylakoids by Triton X-100 treatment . Proteins in the chloroplast (C), stroma (S), thylakoid (T), pellet (P), and supernatant (S) fractions derived as in Fig . 1 were fractionated by SDS-PAGE and transferred to nitrocellulose . The nitrocellulose was reacted with a combination of anti-OE33, anti-OE23, and anti-OE17 followed by alkaline phosphatase-conjugated secondary antibody. Dilutions of purified intact pea chloroplasts were used as standards for the quantitation of the Western blot ; quantified bands were within the linear scale of the standards . The quantified results are expressed in units of chloroplast equivalents, defined for each individual protein as the amount of that protein present in a preparation of intact chloroplasts containing 1 ug of chlorophyll . It has long been recognized that PS II particles that have been depleted of OE23 and OE17 by washing with 2 M NaCI are still capable of evolving oxygen provided that high concentrations of Cal+ and Cl-are present in the assay medium (Ghanotakis et al ., 1984a) . Similarly, NaCl-washed PS II particles are susceptible to inhibition by bulky reductants such as hydroquinone, whereas the control samples are not (Ghanotakis et al ., 1984b) . Thus, both an unusual requirement for Cat-1-and Cl -for oxygen evolution and a sensitivity of the reaction to hydroquinone are diagnostic of OECs from which some of the extrinsic subunits have been dissociated . We used these tests to further confirm that the detergent treatment applied in our experiments did not affect the integrity of the OEC . Fig . 4 A shows the expected stimulation of oxygen evolution from NaCl-washed PS II particles by CaC12. This figure also documents the expected inhibition of oxygen evolution
The Journal of Cell Biology, Volume 115, 1991 from the same samples by pretreatment with hydroquinone . Fig . 4 B demonstrates that oxygen evolution from thylakoids treated with low concentrations of Triton X-100 were neither stimulated by CaC12 nor inhibited by hydroquinone . These results support the conclusions already reached from Fig. 3 ; the OEC polypeptides released by low Triton X-100 concentrations were not dissociated from the active complex by the detergent, but rather were present from the start of our experiments in pools of unassembled subunits in the thylakoid lumen .
Pools of Unassembled OEC Subunits AreAlso Present in the Lumen of Thylakoids Derivedfrom Spinach Chloroplasts
The experiments reported above were performed with pea chloroplasts . In fact, oxygen-evolving PS II particles derived from spinach chloroplasts are somewhat better characterized than those from peas . Since the pools of OEC subunits identified by us have not been reported in spinach thylakoids, we questioned whether they might only be present in pea chloroplasts . This is not the case, however, since we detected similar, though smaller, pools of unassembled subunits in spinach thylakoids . Thylakoids from both species required -0.04% Triton X-100 to release newly imported PC from the lumen (compare Figs . 1 and 5 ) . Fig . 6 shows that, like pea thylakoids, the lumen of spinach thylakoids contained a significant fraction of the total OEC subunits in an unassembled pool (8, 30, and 30% for OE33, OE23, and OE17, respectively) . Measurements of oxygen evolution from detergent-treated spinach thylakoids (analogous to Fig . 3 ) revealed that the pools were not due to dissociation of the OEC by Triton X-100 (data not shown) . Thus, the presence of pools of unassembled OEC polypeptides in the lumen of thylakoids before chloroplast isolation appears to be a general phenomenon, found in both spinach and peas . This suggests that the pools may play an important role in OEC biogenesis or homeostasis in green plants .
Discussion
The synthesis, targeting, maturation, and assembly of multimeric protein complexes in organelles is a complex process, and the biogenesis of the OEC is no exception . The OEC subunits are encoded in the nucleus and translated in the cytosol (Ghanotakis and Yocum, 1990) . From the cytosol they are bound by and then translocated into chloroplasts, presumably first into the stroma (James et al., 1989) . Both the binding and translocation steps require ATP Theg et al., 1989) . The subunits are thought to undergo proteolytic processing in the stroma, resulting in intermediate-sized proteins that are the substrates for subsequent translocation across the thylakoid membrane . Finally, the polypeptides are processed in the thylakoid lumen to their mature sizes, and then assembled into the membraneassociated OEC. The roles, if any, of cytoplasmic or stromal factors, or of thylakoid membrane heterogeneity, in the different translocation and assembly steps remain to be elucidated, but may be inferred from studies of other plastid proteins (Pain et al., 1988; Cline et al., 1989 ; Yalovsky et al ., 1990) . In this communication we have addressed one aspect of the assembly of the OEC, namely the functional sites from which subunits fornew assembly are likely to be chosen . Experiments with a number of other nuclear-encoded chloroplast proteins have suggested that, as a general rule, they are either assembled immediately upon import from the cytoplasm, or they are rapidly degraded . This is shown sche- Fig . 7 A. Examples of polypeptides that behave in this fashion include apoplastocyanin, the small subunit of ribulose bisphosphate carboxylaseloxygenase, light-harvesting chlorophyll alb binding protein, CP43 and subunits of the chloroplast coupling factor (Schmidt and Mishkind, 1983 ; Bennett, 1981 ; Mullet et al ., 1990; Biekmann and Feierabend, 1985) . It has been suggested that this mechanism may help to ensure the proper balance between subunits derived from the different genomes (Schmidt and Mishkind, 1983 ; Biekmann and Feierabend, 1985 ; Luzikov, 1986) . Our experiments indicate that the OEC subunits apparently do not conform to this general rule. Instead of being rapidly degraded, the newly imported (and presumably in vivo, newly synthesized) unassembled polypeptides appear to enter a pool containing a considerable fraction of the total chloroplast complement of OEC subunits . From here, they are presumably chosen at random for synthesis of new complexes . This pathway is depicted schematically in Fig. 7 B.
Although our experiments provide the first direct evidence for the presence of pools of unassembled OEC subunits in physiologically active chloroplasts, this notion can be in- pools of other unassembled subunits Figure 6 . Release of OEC polypeptides from the lumen of spinach thylakoids by Triton X-100 treatment . Proteins from total chloroplast (C), total thylakoid (T), stroma (S), and inthe pellet (P) and supernatant (S) fractions from detergent-treated spinach thylakoids from the experiment described in Fig . 5 were fractionated and probed as in Fig.  2 , except that the spinach OE17 was identified by an antibody raised against maize OE17 (anti-pea OE17 did not cross-react with the spinach OE17) . Quantitation of the blot (as described in Fig . 2 , but using purified spinach chloroplasts as standards) revealedthat 8 % of OE33, 30 % of OE23, and 30% of OE17 was free in the thylakoid lumen . center turn-over ferred from earlier published work on mutant, inhibited or greening plastids. A number of mutants with defects in the PS II reaction center core have been described . These mutants, which do not assemble the core complex, are often found to contain relatively normal amounts of OEC subunits, even though they are unable to assemble them with PS II (reviewed in Rochaix and Erickson, 1988; see also, Mayfield et al., 1989; de Vitry et al., 1989; Nilsson et al., 1990) . Similarly, etiolated plastids in barley which do not contain a functional PS II core accumulate normal levels of OE33 prior to greening (Ryrie et al., 1984) . In addition, when the OEC is dissociated in intact thylakoids by a number of treatments, the OEC subunits do not appear to be rapidly degraded, and in fact may be used in subsequent reconstitution steps (Becker et al., 1985 ; Callahan and Chenaie, 1985) . These experiments performed with inhibited or damaged chloroplasts, while not addressing the existence of pools ofunassembled OEC subunits directly, suggest at least that the unassembled polypeptides are not subject to rapid proteolysis.
The discussion above points out that unassembled subunits of chloroplast protein complexes are not usually allowed to accumulate. This apparently is also true for other protein complexes throughout the cell. Luzikov (1986) has presented a hypothesis that attempts to provide a link between the fate of unassembled subunits and protein complex assembly. He proposes that proteins destined for assembly into multimeric complexes are "hyperexpressed" and that selective degradation ofthose subunits which are not correctly targeted or assembled results in a high proportion of properly assembled complexes, each with the correct subunit stoichiometry. This model was based upon consideration of the assembly of numerous protein complexes in different locations within the cell (see also the discussion by Hare, 1990) . Nevertheless, some exceptions to this general trend have been reported ; a few subunits oftheNeurospora crassa mitochondrial NADH dehydrogenase (Videira and Werner, 1989 ) and cytochrome oxidase (Schwab et al., 1972) appear to accumulate up to a level 25 % higher than that expected by their assembled stoichiometries . The data from other laboratories (Rochaix and Erickson, 1988; see also, Mayfield et al ., 1989; de Vitry et al., 1989; Nilsson et al ., 1990) as well as the results we report here place the OEC in this list of exceptional protein complexes whose unassembled subunits are not rapidly degraded.
From this point of view, the question arises as to why such an unusual assembly pathway might be used. The most obvious answer lies in the rapid turnover of DI, a protein of the PS II reaction center core. This protein is subjected to continuous swift light-dependent degradation, which presumably results in destabilization of the entire core complex (Ohad et al ., 1985; Virgin et al., 1990; reviewed in Mattoo et al., 1989) . Recent experiments by Andersson and his colleagues (Hundal et al., 1990) have demonstrated that the OEC polypeptides dissociate from the PS II core as a result of light-induced DI turnover. These and other authors (Becker et al., 1985; Callahan and Cheniae, 1985) suggested that the dissociated subunits can be reused in the assembly ofnew OECs upon regeneration of PS II. However, a number of lines of research indicate that the pools of OEC subunits described in this work are not derived solely from proteins released during inhibition ofPS II . First, the chloroplasts we Ettinger and Theg Assembly of the Oxygen-evolving Complex observed to contain the subunit pools were not subjected to any inhibitory treatments. On the contrary, they were kept on ice in the dark until use as a means to maximally preserve their intrinsic activities. Second, radiolabeled OEC subunits imported in vitro into isolated chloroplasts were found uncomplexed in the thylakoid lumen (data not shown) . Finally, the relative amounts of the subunits observed in the soluble pools did not reflect the 1:1:1 stoichiometry of the OEC (see Figs. 2 and 5), as would have been expected if they were derived from functional complexes . These observations lend support to the model, depicted in the scheme ofFig . 7 B, that OEC subunits enter the soluble pools in the lumen by two routes; after their release from active complexes during inhibition, and by the import of newly synthesized polypeptides. The presence of readily available OEC polypeptides in the thylakoid lumen would presumably be advantageous during the (re)synthesis of PS II reaction centers since photoinactivation ofthe centers occurs rapidly when the OEC has been disabled (Yamashita and Butler, 1969; Cheniae and Martin, 1971; Callahan and Chenaie, 1985 ; Theg et al., 1986; Callahan et al., 1986; Jegerschoeld et al., 1990) .
The results presented here suggest that the assembly of newly synthesized and imported OEC polypeptides into active enzyme complexes is likely to be influenced by several factors . Among these is the rate of exchange, if any, between the assembled and unassembled subunits, the rate of turnover of the subunits in the pools, and the rate of turnover and resynthesis ofPS II core proteins. We are currently assessing the stability ofthe pools and trying to determine what factors affect pool utilization . The ability to follow the assembly of radiolabeled precursors into active oxygen-evolving complexes in organello should yield new insights into the processes that guide the assembly of the OEC .
